Introduction
============

The cornea is a transparent tissue that covers the front of the eye. The main functions of the cornea are transmitting and focusing light to enable visual perception. The cornea is composed of five layers: a non-keratinized squamous epithelium on the outer surface, a collagenous and avascular stroma, and a monolayer endothelium on the inner surface separated by a membrane, anteriorly by Bowman\'s layer and posteriorly by Descemet\'s membrane [@B1], [@B2]. The corneal epithelium has the important role to act as a barrier to protect the cornea and prevent infection. Every 3 to 10 days, corneal epithelium can regenerate once completely [@B3], [@B4], and this requires constant renewal of epithelial cells.

Epithelial stem cells are the most reliable source of adult epithelial cells due to their self-renewal ability. Interestingly, such ability is regulated in a specialized *in vivo* microenvironment, termed "niche" [@B5]-[@B8]. Corneal epithelial stem cells reside in the basal portion of a special structure termed the "limbal palisades of Vogt," located in the junction between the cornea and the conjunctiva [@B9]-[@B11]. Due to their unlimited self-renewal capacity, limbal epithelial stem cells play an important role in corneal clarity. Dysfunction of these cells and their niche has been recognized in certain ocular surface diseases manifesting as limbal stem cell deficiency (LSCD). The causative factors of LSCD include but are not limited to Stevens Johnson Syndrome, chemical and thermal burns, tumors, congenital aniridia, multiple surgeries, immunologic conditions, and various infections [@B10], [@B12], [@B13]. In the past decades, various methods for the reconstruction of the ocular surface have been successful in the majority of cases. For example, oral mucosa transplantation, amniotic membrane transplantation, and autograft limbal stem cell transplantation and reconstruction of the lid-ocular surface interface are used for treatment of LSCD. However, not all patients are suitable for the procedure. The main issue is the availability of donor tissue due to the shortage of donor tissues with a stem cell resource during the LSCD occurrence [@B14]-[@B16].

The human lacrimal drainage system is a canal-like structure consisting of an upper and lower punctum situated at the medial end of both sets of eyelids. Both puncta connect to a vertical canaliculus before turning medially and eventually joining with each other to form a common canaliculus. This part goes into lacrimal sac and then the nasolacrimal duct [@B17], [@B18]. According to our clinical observation, most patients with LSCD have normal canaliculus epithelium. However, whether this epithelium can be a source of stem cells (SC) is unclear, and if so, how to isolate such lacrimal canaliculus epithelial stem cells (LCESC) is unknown. Herein, we demonstrate that digestion with collagenase can effectively isolate LCESCs together with their closely associated niche cells. Such isolated stem cells retain their progenitor status since the isolated cells express stem cell markers such as p63α, SCF and c-Kit. In addition, the cells form colonies when cultured with 3T3 feeder layers *in vitro*. These SCs may represent a new treatment option and be engineered as a surgical graft for treatment of corneal diseases such as LSCD.

Materials and Methods
=====================

Lacrimal endoscope examination
------------------------------

Six patients suffering from limbal stem cell deficiency (LSCD) caused by either alkali burn (4 cases) or Stevens Johnson Syndrome (2 cases) were examined by lacrimal endoscope under local infiltration anesthesia. The morphology of the epithelium was recorded and compared to that of normal people.

Cell Isolation and Culture
--------------------------

Canaliculus tissue was separated carefully under the operating microscope with microsurgery scissors and using a lacrimal probe as an indicator. After digestion with collagenase A at 37 ºC for 20 hours, the clusters of the epithelial cells and immediate-contacted mesenchymal cells were further digested with trypsin/EDTA (T/E) at 37 ºC for 15 minutes to obtain single cells. The cells were expanded in MESCM [@B19].

Human LSC were isolated and cultured as previously described [@B19], [@B20]. Corneoscleral rims from 18 to 60 years old donors were obtained from The Red Cross Eye Bank of Wuhan City (Whuan, China) and managed in accordance with the declaration of Helsinki. The limbal explants were digested with collagenase A at 37 ºC for 18 h to generate clusters containing the entire limbal epithelial sheet with subjacent stromal cells. The clusters were further digested with 0.25% trypsin and 1 mM EDTA (T/E) at 37 ºC for 15 min to yield single cells before being seeded at a density of 1x10^4^ per cm^2^ in 6-well plates coated with Matrigel in MESCM containing LIF and bFGF. Upon 80-90% confluence, the cells were serially passaged at the density of 5x10^3^ per cm^2^.

Colony Forming Assay
--------------------

The epithelial progenitor status of the sphere growth from LCESC and LSC was determined and compared by colony assay on 3T3 feeder layers in supplemental hormonal epithelial medium (SHEM), which is made of an equal volume of DMEM and F12 supplemented with 5% fetal bovine serum, 0.5% dimethyl sulfoxide, 2 ng/ml hEGF, 5 pg/ml insulin, 5 pg/ml transferrin, 5 ng/ml selenium, 0.5 pg/ml hydrocortisone, 1 nM cholera toxin, 50 pg/ml gentamicin, and 1.25 pg/ml amphotericin B. The feeder layer was prepared by treating 80% subconfluent 3T3 fibroblasts with 4 pg/ml mitomycin C at 37 ºC for 2 h in DMEM containing 10% newborn calf serum, and then by seeding single growth-arrested 3T3 fibroblasts at a density of 2x10^4^/cm^2^. A total of 500 single cells from 10-day cultured cells were seeded per well of a 6-well-plate in SHEM. After 9 days, epithelial clones were revealed by fixing in paraformaldehyde and staining with rhodamine B. The colony-forming efficiency (CFE) was measured by calculating the percentage of the clone number divided by the total number cells seeded. The clone morphology was subdivided into holoclone, meroclone, and paraclone based on the criteria for skin keratinocytes [@B21].

HE Staining
-----------

Eyelid tissue from two donors (32 and 58 years old) were obtained from the Red Cross Eye Bank of Wuhan City (Whuan, China) and managed in accordance with the declaration of Helsinki. Donated after death, eyelid tissue was fixed with 4% formaldehyde for 48 hours, embedded in paraffin, and prepared for 6 micrometers cross section. Hematoxylin-eosin staining was performed for selection of the preserved canaliculus tissue. The prepared tissue slides was staining with hematoxylin, rinsed in tap water, de-stained with alcohol, rinsed with tap water again and dehydrated with ethanol before microscopic evaluation.

Immunostaining
--------------

The slides from tissue cross-section were permeabilized with 0.2% Triton X-100 in PBS for 15 min, and blocked with 2% BSA in PBS for 1 h before being incubated with primary antibodies (SCF, c-Kit, p63α, PCK and Vim, 1:50 dilution) overnight at 4 ºC. After washing with PBS, the slides were incubated with corresponding secondary antibodies for 1 h using appropriate isotype-matched non-specific IgG antibodies as controls. The nucleus was counterstained with Hoechst 33342 before being analyzed with a Zeiss LSM 700 confocal microscope (LSM700, Carl Zeiss. Thornhood, NY).

For immunostaining of cultured cells, single cells were prepared for cytospin using Cytofuge® at 1,000 rpm for 8 min (StatSpin, Inc., Norwood, MA), fixed with 4% formaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 15 min, and blocked with 2% BSA in PBS for 1 h before being incubated with the primary antibodies overnight at 4 ºC. After washing with PBS, cytospin preparations were incubated with corresponding secondary antibodies for 1 h using appropriate isotype-matched non-specific IgG antibodies as controls. The nucleus was counterstained with Hoechst 33342 before being analyzed with a Zeiss LSM 700 confocal microscope (LSM700, Carl Zeiss. Thornhood, NY).

Statistical Analysis
--------------------

All summary data were reported as means ± SD, calculated for each group and compared using ANOVA and the Student\'s paired t-test by Microsoft Excel (Microsoft, Redmont, WA). Test results were reported as two-tailed p values, where p\<0.05 was considered statistically significant.

Results
=======

LSCD patients have normal epithelial layers in the lacrimal canaliculus
-----------------------------------------------------------------------

The lacrimal drainage system is composed of the lacrimal puncta, superior and inferior canaliculi, common canaliculus, lacrimal sac, and nasolacrimal duct [@B17]. Lacrimal endoscope is a convenient method to exam the lacrimal system. With this approach, it is possible to visualize the lacrimal canaliculus and other lacrimal part clearly. In addition, some ophthalmologists could do simple surgeries with it, for example, removing fibrous obstructions along the lacrimal canaliculus or nasolacrimal duct [@B22]. In our study, we performed lacrimal endoscopy examination on six patients with LSCD (four cases caused by alkali burn and the other two by Stevens Johnson Syndrome, Fig. [1](#F1){ref-type="fig"}). Clinical observation showed that alkali burn leads to corneal opacity, epithelial defects, and neovascularization of the cornea [@B23]-[@B25]. SJS involved ocular surfaces were also very similar [@B26]. We found that lacrimal punctal occlusion occurred in one patient\'s superior lacrimal canaliculus and two patients\' inferior lacrimal canaliculi. However, all the lacrimal canaliculi except one with a scar were visually normal. The canaliculus epithelial layers were smooth and healthy under lacrimal endoscope, and were not different from normal people (Fig. [1](#F1){ref-type="fig"}).

Lacrimal canaliculus has multi epithelial layers expressing stem cell markers
-----------------------------------------------------------------------------

The lacrimal punctum and the vertical canaliculus are connected and encircled by dense, fibrous tissue [@B27]-[@B29] which is part of the tarsal plate [@B29]. In our study, we removed the lacrimal puncta and extra tarsal plate, thereby only retaining the canaliculus epithelium and the closely associated stroma. HE staining showed that lacrimal canaliculus is lined with stratified squamous epithelium without keratinization and mucin-production (Fig. [2](#F2){ref-type="fig"}A). In addition, we noted that the cells in the basal layer were small and with high nuclear cytoplasm ratio, suggesting that the cells are young. To confirm the results of the HE staining, we then performed double immunostaining on human lacrimal canaliculus sections. As expected, the expression of pan-cytokeratin (PCK) was found in the full-thickness of stratified epithelium, whereas the expression of vimentin (Vim) (Fig. [2](#F2){ref-type="fig"}B), which is a mesenchymal cell marker [@B20], was found adjacent to the basal epithelial cells. Double immunostaining also showed that c-Kit, a haematopoietic stem cell marker [@B30], was positive in Vim- epithelial cells (Fig. [2](#F2){ref-type="fig"}B), while stem cell factor (SCF) was positive in basal layer epithelial and stromal cells (Fig. [2](#F2){ref-type="fig"}B). The epithelial progenitor marker p63α [@B31] was also present in the basal layer of PCK+ epithelial cells (Fig. [2](#F2){ref-type="fig"}B). Interestingly, lacrimal canaliculus epithelial stem cells lie deep in the epithelium (Fig. [2](#F2){ref-type="fig"}B).

LCESC express stem cell markers *in vitro*
------------------------------------------

Lacrimal canaliculus was separated from the eyelid using a lacrimal probe and a punctum dilator as an indicator. Subsequently, collagenase digestion yielded compacted cell aggregates, termed "clusters". These clusters could be transferred easily to tubes or other dishes with a pipette. After T/E treatment, we noted that single cells from the lacrimal canaliculus mostly adhered on Matrigel-coated plastic dishes on day 1 in MESCM (Fig. [3](#F3){ref-type="fig"}). The cells continued to expand, some of which formed clones during their growth with the support of closely associated niche cells, resembling a report that limbal epithelial stem cells and their niche might form clones during their growth [@B20]. On Day 10, the holoclones on Matrigel were composed of small, round, tightly packed with epithelial cells and surrounded by spindle-shape stromal cells. To confirm the stemness of these cells, we prepared a cytospin of single cells obtained by a brief treatment with T/E. Double immunostaining further indicated that c-Kit was found positive in both PCK+ epithelial cells and PCK- stromal cells, while SCF was found in PCK- stromal cells (Fig. [3](#F3){ref-type="fig"}). The stem cell marker p63α was found in most of PCK+ epithelial cells (Fig. [3](#F3){ref-type="fig"}). Collectively, these data suggest that collagenase isolated lacrimal canaliculus ESC could express putative SC markers.

Maintenance of lacrimal canaliculus progenitor status in MESCM
--------------------------------------------------------------

The above data prompted us to examine whether lacrimal canaliculus cells cultured in MESCM could maintain progenitor status. To do so, we compared clonal growth between LCESC and limbal epithelial stem cells (LSC) by seeding the density of 500 single cells per six-well plastic plate on mitomycin C treated 3T3 fibroblast feeder layers in SHEM. According to the criteria reported by Barrandon [@B32], clones could be classified into three types by size, the smoothness of the border, and the cell size in the center of the clone, that is, holoclones, paraclones and meroclones. Among the clones, holoclones are the reliable indicator of young and likely stem cells. Rhodamine B staining performed on day 9 showed that there was no significant difference in total epithelial clones generated between LCESC and LSC (Fig. [4](#F4){ref-type="fig"}). However, LCESC yielded significant more holoclones and less paraclones (Fig. [4](#F4){ref-type="fig"}, 3.22% ± 0.37% and 1.3% ± 0.32%, n = 5) than LSC (1.9% ± 0.36% and 1.8% ± 0.14%, respectively, p \< 0.001 and p \< 0.05), and no significant difference between them in meroclones (Fig. [4](#F4){ref-type="fig"}, 1.5% ± 0.32% and 1.9% ± 0.14%, n=5). Collectively, these data suggest that maintenance of lacrimal canaliculus progenitor status in MESCM can be performed and generates more holoclones than that of LSC.

Discussion
==========

Limbal stem cell deficiency (LSCD) occurs as a result of damage or disease to the limbal stem cells, which affects the corneal wound healing and surface integrity [@B33], [@B34]. LSCD can arise from diseases such as Stevens Johnson Syndrome and through injuries such as alkali burn. Characteristics of LSCD include corneal epithelial defects, neovascularization, ingrowth of the conjunctival epithelium, and chronic inflammation [@B23]-[@B25].These events eventually lead to visual loss [@B12], [@B35], [@B36]. Traditionally, treatment of LSCD patients is limbal tissue transplantation, which is obtained from a fellow healthy eye or a donor eye [@B37]. Recently, scientists have reported patients with ocular surface diseases can be treated by tissue-engineered epithelium [@B38], [@B39]. For example, cultivated autologous conjunctival epithelium was used for treatment of LSCD and reconstruction of corneal surface. Stem cell treatment has many advantages, such as high safety, low risk of infection and rejection, and no need for long-term immunosuppression [@B38], [@B40]. Therefore, treatment of LSCD patients with stem cells obtained from themselves or donors is a promising method. However, donor tissue shortage is a worldwide problem and patients with LSCD are usually complicated with severe damages on the fellow eye. This forces us to search for other alternatives. One such alternative can be found within the human lacrimal drainage system, consisting of lacrimal puncta, lacrimal canaliculi, common canaliculus, lacrimal sac, and nasolacrimal duct, which plays an important role in draining extra tear fluid into the inferior meatus of the nose [@B17], [@B41]. Our data in this study showed that most of the lacrimal canaliculi had normal epithelial layers (Fig. [1](#F1){ref-type="fig"}), suggesting that the normal epithelial layers may be a stem cell source for the treatment of LSCD.

The vertical canaliculi are encircled by dense, fibrous tissue [@B27]-[@B29], which is considered part of the tarsal plate [@B29]. In our study, HE staining on canaliculus epithelium and the closely associated stroma showed that stratified squamous epithelium is small with high nuclear cytoplasm ratio cells in the basal layer (Fig. [2](#F2){ref-type="fig"}A), indicating that stem cells may lie deep in the epithelium. Previously, several studies have revealed that the epithelial progenitor marker p63α is a transcription factor heralding the onset of stratified epithelial morphogenesis [@B42], [@B43], and its isoform ΔNp63α, is a putative marker for human limbal stem cells [@B44], [@B45]. Double immunostaining showed that p63α was in the basal layer of PCK+ epithelial cells (Fig. [2](#F2){ref-type="fig"}B), suggesting that LCESC exist in the basal layer. Double immunostaining also showed that c-Kit was positive in Vim- epithelial cells, while stem cell factor (SCF) was positive in basal layer epithelial and stromal cells (Fig. [2](#F2){ref-type="fig"}B), suggesting that the epithelial cells express the epithelial progenitor marker c-Kit while the stromal cells express the epithelial progenitor marker SCF. C-Kit, also known as CD117, is a hematopoietic stem cell marker [@B30] that has been found in a wide range of cells and tissues including mast cells [@B46], [@B47], melanocytes [@B48], vascular endothelial cells [@B49], interstitial cells of Cajal [@B50], testis [@B47] and of course, bone marrow [@B51]. c-Kit ligand SCF is widely expressed in the body by endothelial cells, fibroblasts and stromal cells [@B52]. The binding of SCF to c-Kit plays an important role in migration, proliferation and survival in multiple cell types [@B53], [@B54]. We suggest that such mechanistic action may be also present in human lacrimal canaliculus. Furthermore, the aforementioned tissue digested with collagenase might yield single cells with T/E treatment. Interestingly, after 10 days of culture, the cells could form clones during their growth (Fig. [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), and the percentage of holoclones on 3T3 feeder layer were significantly higher than that of LSCs (Fig. [4](#F4){ref-type="fig"}), suggesting that stem cells do exist in human lacrimal canaliculus. This report resembles what has been reported previously in limbal epithelial stem cells and their niche [@B20]. The data of most significant is that more LCESC holoclones and less paraclones were achieved compared to LSC. This is supports our conclusion, that human lacrimal canaliculus epithelial stem cells could maintain their progenitor status by maintaining close association with their niche cells. To our knowledge, this is the first report that the stem cells exist in human lacrimal canaliculus, which are likely better than limbal epithelial stem cells.

Previously, several methods have been reported for engineering a surgical graft in the treatment of limbal stem cell deficiency [@B55]-[@B57]. In contrast to the methods that using limbal stem cells [@B58]-[@B60], our current study suggests we may use lacrimal canaliculus epithelial stem cells as a potential resource. Further improvement for better ex vivo expansion is needed for eventual discovery of alternative treatment methods for limbal stem cell deficiency.
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![LSCD patients have normal lacrimal canaliculus epithelium. Four LSCD patients were examined under slit lamp microscopy, photos show that both alkali burn (the left 3 columns) and SJS patients (the right 1 column) could have normal lacrimal canaliculus epithelium (the bottom row). Such normal lacrimal canaliculus epithelium could serve as the stem cell resource for ocular surface reconstruction.](ijmsv15p1260g001){#F1}

![More than 10 layers of epithelial cells in lacrimal canaliculus under HE staining (A) express stem cell markers (B). Lacrimal canaliculus under HE staining shows that the epithelial layer of lacrimal canaliculus consists of more than ten layers of epithelial cells, square in surface, small and cube in the base. More than twenty layers are at the thickest area. Bar=200 μm. IF suggests that lacrimal canaliculus epithelium, especially the small and compacted epithelium, expresses stem cell markers such as p63α, SCF, c-Kit. Bar=100 μm.](ijmsv15p1260g002){#F2}

![Isolated LCESC by collagenase forms aggregates and clonal growth, expresses SCF, c-Kit and p63α in vitro. LCESC can be isolated by collagenase, forming aggregates and some expanding as clonal growth, expressing stem cell markers p63α, SCF, c-Kit. Bar=100 μm.](ijmsv15p1260g003){#F3}

![Clone formation efficiency of the P0 LCESC on 3T3 feeder layer is better than that of LSC. The total CFE is approximately 6.0 percent including 3.2 percent holoclone, 1.5 percent macorclone and 1.3 percent paraclone in LCESC, compared to 5.6 percent including 1.9 percent holoclone, 1.9 percent macorclone and 1.3 percent paraclone in LESC. The holoclone percentage from P0 LCESC is significantly higher than that of the P0 limbal epithelial stem cells isolated by collagenase. (P\<0.05).](ijmsv15p1260g004){#F4}
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